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.Gene  Therapy  for  Fracture  Repair 


Principal  Investigator:  David  J.  Baylink,  MD 


INTRODUCTION 

Battlefield  injuries  to  the  musculoskeletal  system  optimally  require  rapid  wound  healing  and 
occasionally  regeneration  of  the  wounded  tissues.  Gene  therapy  has  great  potential  to  help 
rapidly  heal  such  battlefield  injuries,  including  soft-tissue  as  well  as  hard-tissue  injuries.  Fracture 
repair  requires  a  complex  series  of  molecular  events  that  coordinate  the  proliferation  and 
differentiation  of  diverse  periosteal  tissues  that  bridge  the  injury  with  bone  that  is  identical  to 
native  bone  and  lacks  scar  tissue  (Bolander,  1992).  Different  families  of  growth  factors  have 
been  implicated  that  mediate  diverse  pathways  of  cell  chemotaxis  and  tissue  proliferation  and 
differentiation  during  fracture  repair  (Barnes  et  al.,  1999;  Beasley  and  Einhorn,  2000).  To 
elucidate  the  molecular  pathways  that  mediate  repair  of  diverse  fracture  tissues,  the  expression  of 
growth  factors  and  their  receptors  during  fracture  repair  must  be  characterized  and  the 
physiological  and  morphological  effects  following  local  or  systemic  administration  of  their  genes 
must  be  tested.  However,  gene  therapy  technology  is  still  in  its  infancy  and  scientists  have  only 
begun  to  develop  systems  that  both  deliver  growth  factor  genes  and  regulate  their  expression  in 
injured  tissues  to  augment  normal  and  impaired  healing. 

Currently,  our  gene  therapy  approach  has  the  potential  to  regenerate  large  skeletal  defects, 
certainly  an  advantage  for  the  repair  of  battlefield  injuries  of  the  musculoskeletal  system.  In  our 
studies,  we  are  optimizing  fracture  gene  therapy  using  the  hybrid  growth  factor  transgene,  bone 
morphogenetic  protein  (BMP)-2/4,  expressed  from  constitutively  by  a  Murine  leukemia  (MLV)- 
based  vector  or  in  a  gene-specific  manner  by  a  lentiviral-based  vector.  Surgical  techniques  have 
been  developed  to  optimize  the  delivery  of  the  viral  vector  of  choice  to  the  healing  fracture  in 
small  animals.  The  combination  of  efficient  vector  expression  with  optimal  surgical  delivery  to 
the  fracture  will  maximize  the  therapeutic  effect  for  study.  However,  we  also  anticipate  that  to 
truly  optimize  gene  therapy  for  fracture  healing,  more  than  one  therapeutic  gene  may  be 
required.  In  light  of  this,  we  have  undertaken  microarray  studies  of  the  fracture  callus  of  multiple 
individual  animal  subjects  to  understand  both  gene  expression  in  the  response  to  bone  injury,  as 
well  as  those  molecular  factors  that  might  delay  the  healing  of  such  injuries.  Several  hundred 
genes  that  exhibit  changes  in  expression  at  two  different  healing  times  have  been  identified,  and 
those  with  therapeutic  potential  will  be  considered  for  inclusion  in  study  in  our  gene  therapy 
system.  We  propose  that  the  efficient  delivery  and  expression  of  growth  factor,  receptor  and 
corresponding  signaling  pathway  genes  will,  when  expressed  with  BMP-4,  enhance  fracture 
healing.  Ultimately,  the  development  of  these  approaches  could  not  only  enhance  the  broad- 
spectrum  fracture  repair,  but  genetic  algorithms  to  predict  the  response  of  individual  military 
personnel  to  battlefield  injury  could  individualize  their  therapy. 

Our  goals  for  the  first  twelve  months  of  the  funding  period  for  each  of  the  Technical 
Objectives  below,  as  well  as  progress  to  date  for  each  technical  objective,  are  described  below. 
This  progress  report  is  organized  according  to  the  outline  provided  by  the  office  of  the  US  Army 
Medical  research  and  Material  Command. 

In  addition  to  completing  all  the  Technical  Objectives  required  for  this  report  period,  we  are 
reporting  progress  on  additional  objectives  accomplished  above  and  beyond  those  contracted  for. 
These  additional  objectives  are  identified  in  the  report  as  they  are  pertinent. 
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BODY 

1.  TECHNICAL  OBJECTIVE  1:  TO  OPTIMIZE  A  GENE  THERAPY  FOR  FRACTURE 
HEALING 

a)  Specific  Objective  1:  To  Optimize  Gene  Expression  and  Protein  Production  of  Growth 

Factor  genes  from  Periosteal  Cells  Transduced  with  MLV -based  or  Lentiviral-based  Vectors 

1)  Objective 

This  goal  of  this  study  is  to  identify  the  optimum  viral-based  vector  and  regulatory 
(promoter)  elements  for  fracture  gene  therapy  by  comparing  transfection  and  expression 
frequencies  of  Murine  Leukemia  virus  (MLV)-based  and  lentiviral-based  gene  therapy  vectors 
and  promoters  in  periosteal  and  endosteal  cells. 

2)  Materials  and  Methods 

Periosteal  cells  were  aseptically  isolated  from  the  unfractured  hindlimb  bones  of 
Sprague-Dawley  rats.  The  femurs  and  tibias  were  removed  at  sacrifice,  the  epiphyses  removed 
and  the  diaphyseal  marrow  ablated  with  saline.  The  diaphyses  were  digested  once  with  0.25% 
trypsin  and  twice  with  0.20%  collagenase  II  for  2  hours  each.  The  digests  separated  the 
periosteal  and  endosteal  cells  from  the  cortical  bone  and  yielded  dispersed  and  heterogeneous 
populations  of  the  fibroblastic  and  cambial  cells.  These  adherent  cells  were  retained  in  culture 
while  nonadherent  contaminating  marrow  cells  were  discarded.  Cell  preparations  of  periosteal 
and  endosteal  origins  provided  a  representative  population  of  cells  to  be  targeted  for  viral 
transduction  by  external  or  internal  injection  techniques.  These  cells  were  cultured  at  a  low 
passage  number  for  the  subsequent  comparison  of  transgene  expression  from  transfected  MLV- 
based  or  the  lentiviral-based  vectors. 

To  obtain  optimal  estimates  of  the  relative  transgene  expression  efficiencies  for  the 
MLV -based  and  lentiviral-based  vectors,  the  Enhanced  Green  Fluorescent  Protein  (EGFP)  was 
used  as  the  transgene.  Vector  efficiency  was  established  by  target  cell  EGFP  expression,  which 
was  regulated  by  the  long  terminal  repeat  (LTR)  promoter  in  the  case  of  the  MLV-based  vector, 
or  by  one  of  five  gene-specific  promoters  in  the  case  of  the  lentiviral-based  vector.  These  five 
gene-specific  promoters  were  derived  from  the  cytomegalovirus  (CMV),  elongation  factor  1- 
alpha  (EF-la),  collagen  1,  collagen  2.3  and  core-binding  factor  alpha- 1  (cbfa-1)  genes. 

Each  vector  and  promoter-EGFP  combination  was  transduced  into  the  periosteal  and 
endosteal  cell  cultures  in  duplicate  (n  =  2).  Additionally,  the  mouse  osteoblast  MC-3T3  cell  line 
was  assayed  for  EGFP  expression  as  a  known  bone  cell  line.  Because  variable  transgene 
expression  from  different  promoters  makes  the  virus  difficult  to  titer,  10  ul  and  50  ul  volumes  of 
each  viral  vector  stock  were  compared  for  transfection  and  expression  frequencies.  The  numbers 
of  cells  expressing  EGFP  were  quantified  by  fluorescent  cell  sorting  following  48  hours  of 
culture. 
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3)  Results 
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Figure  1 .  Mean  EGFP  expression  in  MC-3T3  (top)  periosteal/endosteal  bone  cells  (bottom)  from 
the  LTR  promoter  in  an  MLV  vector,  or  other  promoters  (CMV,  EFI-a,  Col  IA2,  Col  2.3,  cbfa- 
1)  in  a  lentiviral-based  vector. 
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As  expected,  the  powerful  LTR  promoter  of  the  MLV-based  vector  provided  the  greatest 
numbers  of  EGFP-expressing  cells  in  the  endosteal/periosteal  cells  (Figure  1).  Among  the 
lentiviral-based  vector  promoters,  the  EF-la  promoter  provided  the  best  expression  at  the  10  ul 
transfections,  with  more  cells  expressing  the  transgene  than  even  the  very  robust  CMV  promoter. 
Surprisingly,  the  promoters  derived  from  genes  normally  associated  with  bone  cells,  but  most 
notably  the  collagen  2.3  and  the  cbfa-1  displayed  much  weaker  transfection  and  expression 
frequencies.  The  results  were  consistent  at  both  volumes  of  viral  vectors  transfected,  although 
there  was  a  more  pronounced  improvement  in  the  MLV-based  vector  and  the  lentiviral-CMV 
promoter  combination  at  the  50  ul  volume  than  with  the  other  lentiviral-based  vector  promoters. 
The  lentiviral-EFl-a  promoter  results  were  also  observed  in  the  MC-3T3  cell  line,  suggesting 
that  the  results  in  the  isolated  periosteal  and  endosteal  cells  were  indeed  representative  of  bone 
cells.  In  this  case  the  expression  from  this  promoter  was  even  greater  than  the  MLV-LTR. 

4)  Conclusions 

We  conclude  that  either  the  MLV-based  vector  with  the  LTR  promoter  or  the  lentiviral- 
based  vector  with  the  EF-la  promoter  provide  the  optimal  transfection  and  expression  of  the 
transgene  in  the  bone  cells  expected  to  modulate  fracture  healing.  These  vector  and  promoter 
combinations  will  be  used  for  therapy  when  the  optimal  delivery  technique  (Specific  Objective  2, 
below)  and  the  therapeutic  gene  candidate(s)  (Technical  Objective  2,  microarray  analysis)  are 
identified. 

b)  Specific  Objective  2:  To  Compare  the  Local  Periosteal  Injection  of  the  Virus  at  the 

Fracture  Site  with  the  Intramedullary  Inoculation  Procedure 

1)  Objective 

Surgical  techniques  have  been  adapted  to  apply  the  viral-based  vectors  from  either  the 
exterior  aspects  of  the  rat  femoral  fracture  callus  or  through  the  intramedullary  space  to  the 
interior  of  the  fracture  callus.  Multiple  exterior  injections  and  intramedullary  injection  techniques 
have  been  developed  to  maximize  the  symmetry  localization  of  growth  factor  expression  to  the 
fracture  site  and  compared  for  their  ability  to  maximize  the  therapeutic  benefit  of  the  growth 
factor.  We  hypothesized  that  the  medullary  pressure  injection  would  provide  a  more  symmetric 
distribution  of  the  therapy  to  the  fracture. 

2)  Materials  and  Methods 

i)  Fracture  Surgery 

The  fracture  surgery  for  exterior  injections  is  as  previously  described  in  the  rat  femur 
fracture  model  (Bonnerans  and  Einhom,  1984).  A  stainless  steel  Kirschner  wire  (pin)  is  inserted 
into  the  femoral  medullary  canal  to  stabilize  the  fracture  (Figure  2a),  which  is  produced 
immediately  after  surgery  by  the  three-point  bending  technique  (Figure  2c).  Post-fracture 
injections  are  performed  from  the  exterior  lateral  or  medial  aspects  of  the  leg.  However,  we  have 
also  adapted  this  surgery  to  aseptically  insert  a  20G  catheter  into  the  medullary  canal  of  the 
femur  alongside  the  stabilizing  pin  (Figure  2b,  2c).  This  catheter  permits  the  post-fracture 
anterograde  insertion  of  a  needle  into  the  medullary  canal  from  the  greater  trochanter  for  the 
delivery  of  vectors  expressing  growth  factor  genes  to  the  interior  of  the  fracture  at  different  times 
after  the  fracture. 

ii)  Fracture  Injection 

The  therapeutic  gene  chosen  was  the  BMP-2/4  hybrid  gene  and  the  B-galactosidase  gene 
was  chosen  as  the  control  (marker).  Each  was  expressed  from  the  MLV-based  vector  (Figure  3). 
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Usual  Fracture  Surgery  Catheter  Modification 


Figure  2.  The  usual  femur  fracture  surgery  (left)  and  catheter  modification 
(right). 

A  stabilizing  Kirschner  wire  is  inserted  into  the  medullary  space,  hooked  (A), 
seated  at  the  greater  trochanter  and  cut  flush  with  the  condyle  prior  to 
fracture  (C,  white  arrow)  by  three-point  bending. 

In  the  catheter  insertion  modification,  a  20  gauge  catheter  is  inserted  from  the 
greater  trochanter  beside  the  wire  inside  the  medullary  space  (B).  The  fracture 
is  again  produced  by  three-point  the  bending  technique  (D,  white  arrow).  The 
external  catheter  hub  is  visible  (D,  black  arrow),  though  the  internal  tubing 
cannot  be  visualized  by  X-Ray. 
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Figure  3.  MLV  gene  constructs  used  for  injection  into  the  fracture. 

The  hybrid  BMP-2/4  transgene  (top)  contains  the  human  BMP-4  gene  and  BMP-2  signal 
sequence.  The  signal  sequence  was  found  to  enhance  BMP-4  secretion.  The  bacterial  B- 
galactosidase  gene  has  previously  served  both  as  a  marker  gene  and  as  a  non-therapeutic  control 
gene  for  comparison  with  the  BMP-2/4  gene.  Expression  for  each  gene  is  driven  by  the  long 
terminal  repeat  (LTR)  of  the  MLV-based  vector. 


We  have  previously  used  the  fracture  model  for  exterior  injections  of  these  genes  to  the 
lateral  aspect  of  the  femur  (Figure  4a;  Rundle  et  al.,  2003).  These  injections  attempt  to  deposit 
the  therapy  in  the  periosteal  cambial  layer  on  the  cortical  surface  of  the  fractured  femur.  The 
accuracy  of  these  injections  was  maximized  using  a  fluoroscope  to  visualize  the  injection  point 
relative  to  the  fracture  (Figure  4c).  The  fluoroscope  was  also  used  to  monitor  the  accuracy  of 
injections  through  the  intramedullary  catheter.  The  needle  was  easily  inserted  through  the 
external  opening  of  the  catheter  (Figure  4b),  into  the  medullary  space,  and  placed  immediately 
proximal  to  the  fracture  for  the  injection  (Figure  4d).  In  each  case,  150  ul  of  vector  was  injected, 
a  volume  calculated  to  deliver  between  15  million  and  150  million  viral  particles  at  the  titers 
produced  by  our  Viral  Vector  Core  Facility. 

Because  we  have  been  testing  these  applications  with  the  MLV-based  vector,  which 
requires  proliferating  tissue  targets  for  transduction,  we  have  injected  the  fracture  tissues  at  one 
day  post-fracture,  when  cell  proliferation  in  the  wound  has  started.  However,  because  the 
lentiviral  vector  does  not  require  actively  proliferating  cells  for  transduction,  the  post-fracture 
injection  times  can  be  altered  to  maximize  the  therapeutic  benefit  of  a  particular  transgene. 

3)  Results 

i)  Marker  Localization  in  the  Fracture  Following  Exterior  or  Intramedullary  Injection 

Initially,  we  sought  to  localize  fluids  in  the  fracture  by  each  injection  method.  To 
visualize  the  injection,  100  ul  of  a  radio-opaque  medical  contrast  dye  was  injected  into  the 
fracture  site  by  either  the  lateral  method  or  through  the  catheter.  Its  location  was  easily 
determined  in  real  time  using  the  fluoroscope.  The  injection  of  the  contrast  dye  from  the  lateral 
aspect  of  the  fracture  was  distributed  in  the  muscle  within  the  leg;  very  little  appeared  to 
penetrate  the  periosteum,  where  the  target  cells  for  fracture  therapy  reside  (Figure  5a).  The 
injection  through  the  catheter  was  much  more  encouraging  (Figure  5b).  In  this  case,  the  contrast 
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Exterior  (Lateral)  Injection  Catheter  Injection 


Figure  4.  Exterior  (left)  and  interior  (catheter,  right)  injection  techniques. 
Injections  from  the  exterior  lateral  aspect  of  the  leg  (A)  used  a  fluoroscope  to 
accurately  place  the  needle  at  the  fracture  periosteum  for  injection  (C). 
Catheter  injections  inserted  a  25  gauge  spinal  needle  through  the  catheter  hub 
(B)  into  the  femoral  medullary  space  to  deposit  the  injection  at  the  fracture, 
again  visualized  using  a  fluoroscope  (D). 
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dye  filled  the  medullary  space  and  leaked  out  the  wounds  at  the  (proximal)  greater  trochanter  and 
the  (distal)  condyle,  where  the  pin  was  inserted.  However,  much  of  the  dye  also  appeared  to 
distribute  to  the  fracture.  Based  upon  these  results  the  volume  of  the  medullary  canal  was 
estimated  to  be  approximately  1 50  ul,  and  the  accuracy  of  transgene  delivery  and  efficiency  of 
transgene  expression  was  examined. 

To  compare  the  accuracy  of  transgene  delivery  and  expression  between  exterior  lateral 
and  the  catheter  injection  techniques,  150  ul  of  MLV -based  vector  expressing  a  B-galactosidase 
marker  gene  was  then  applied  at  one  day  post-fracture.  The  animal  was  sacrificed  at  one  week  of 
healing  and  B-galactosidase  gene  expression  was  localized  by  splitting  the  bone  and  staining 
both  the  exterior  (Figure  5c)  and  interior  (Figure  5d)  for  B-galactosidase  activity.  When  applied 
from  the  exterior  lateral  aspect  of  the  fracture,  marker  gene  transfection  and  expression  was 
confined  to  a  variable  area  at  the  periosteal  surface  that  is  certainly  of  limited  efficacy  for  the 
distribution  of  any  therapeutic  gene  to  the  fracture  periosteal  target  cells  (Figure  5c  and  d,  top). 
This  injection  technique  is  inherently  difficult  during  early  healing;  although  it  is  the  most 
clinically  relevant  time  for  therapy,  the  periosteal  tissue  layer  is  very  thin,  and  presents  a  poor 
target.  Consequently,  most  of  the  injection  must  have  spilled  into  the  surrounding  muscle,  as 
observed  with  the  contrat  dye  injection.  However,  when  applied  from  the  interior  of  the  fracture 
at  one  day  using  an  intramedullary  catheter,  B-galactosidase  marker  gene  expression  after  the 
same  healing  period  was  more  symmetrically  distributed  around  the  fracture  circumference, 
propagating  throughout  the  periosteal  tissues  (Figure  5c  and  d,  bottom).  In  accordance  with 
MLV-based  vector  requirements  for  proliferating  cells  for  transduction,  B-galactosidase 
expression  remained  localized  to  the  wounded  and  proliferating  tissues  at  the  fracture  site.  The 
therapy  was  concentrated  at  the  fracture,  either  not  being  retained  in  the  medullary  canal  or,  if 
retained,  lacking  the  proliferating  target  cells  necessary  for  transduction.  The  catheter  surgery 
technique  therefore  successfully  avoided  creating  intramedullary  injury  and  resident  cell 
proliferation  substantial  enough  for  MLV-based  vector  transgene  expression,  and  successfully 
confined  transgene  expression  to  the  injured  tissues  of  interest,  namely  the  fracture.  Moreover,  as 
we  have  previously  observed,  the  fractures  that  received  B-galactosidase  gene  displayed  normal 
callus  size  and  content.  Expression  of  this  marker  gene  can  therefore  be  used  as  a  control  for 
comparison  with  therapeutic  gene  expression.  In  summary,  the  catheter  application  technique 
will  be  much  better  for  the  even  distribution  of  prospective  therapeutic  genes  and  for  the 
determination  of  their  therapeutic  value  during  healing. 

ii)  BMP-2/4  Gene  Fracture  Therapy  Following  Injection  from  the  Exterior  or  Through 

the  Intramedullary  Catheter 

Exterior  injections  of  MLV-based  vector  expressing  the  BMP-2/4  transgene,  either  from 
the  lateral  aspect  or  a  combination  of  lateral  and  medial  aspects  were  compared  with  injections  to 
the  intramedullary  space  through  the  surgically  implanted  catheter.  The  BMP-2/4  gene  was 
chosen  as  the  transgene  to  develop  the  therapeutic  delivery  because  of  its  documented  ability  to 
efficiently  differentiate  osteogenic  precursors  to  bone  (Peng  et  al.,  2001).  As  such,  inaccurate 
delivery  of  the  transgene  can  be  easily  established  by  the  appearance  of  ectopic  bone. 

The  therapy  produced  by  each  injection  was  monitored  at  7,  14,  21  and  28  days  healing 
via  X-ray  examination  for  mineralized  tissues  in  live  animals.  Lateral  injections  always  produced 
asymmetric  bone  formation  (Figure  6a,  c,  e,  g)  that  was  obviously  ectopic  at  14  and  21  days 
healing  (Figure  6c,  e),  when  endochondral  bone  formation  is  at  its  peak.  This  condition  was 
almost  certainly  produced  by  transgene  expression  in  interstitial  muscle  cells  of  the  fractured  leg 
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Figure  5.  Marker  localization  in  fractures  injected  from  the  exterior  (lateral) 
aspect  or  through  the  catheter. 

TOP:  A  fluorocscope  was  used  to  visualize  a  radio-opaque  contrast  dye  during  a 
lateral  injection  (A)  or  an  intramedullary  catheter  injection  (B).  Despite  best 
efforts,  the  dye  immediately  distributed  in  the  leg  muscles  when  injected  from 
the  exterior  (A,  arrow).  When  injected  through  the  catheter,  the  dye  was  retained 
in  the  medullary  space  (B),  except  for  some  leakage  visible  at  the  greater  trochant 
a  result  of  normal  marrow  fluid  displacement  (arrow). 

BOTTOM:  The  MLV-based  vector  expressing  the  B-galactosidase  marker 
transgene  was  injected  at  one  day  post-fracture  and  the  femurs  harvested  at  7 
days  post-fracture,  split  open  and  stained  for  marker  expression.  The  catheter 
injection  (C,  D,  bottom)  produced  more  extensive  and  symmetric  marker 
expression  in  the  interior  (C)  and  exterior  (D)  of  the  fracture  than  the  lateral 
injection  (C,  D,  top). 
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that  had  been  injured  by  the  fracture  technique  and  induced  to  proliferation.  Such  proliferation 
rendered  them  susceptible  to  MLV-based  vector  transduction  of  the  BMP-2/4  gene  that 
subsequently  differentiated  them  to  cartilage  and  bone.  Although  we  have  determined  that  this 
ectopic  bone  eventually  remodels,  the  therapeutic  benefits  of  tissues  outside  the  periosteum, 
where  fracture  healing  is  normally  mediated,  are  questionable.  In  contrast,  this  problem  was 
avoided  when  the  vector  was  injected  through  the  catheter  into  the  intramedullary  space  at  the 
fracture  site.  In  this  case  the  bony  tissues  that  developed  were  not  only  confined  to  subperiosteal 
tissues,  but  also  filled  the  fracture  gap  at  all  times  during  healing  (Figure  6b,  d,  f,  h).  The  bony 
tissues  appeared  after  one  week  of  healing,  the  time  when  BMP-4  normally  differentiates  soft 
callus  to  bone,  suggesting  that  the  temporal  BMP-4  gene  expression  was  normal.  Higher 
resolution  X-ray  and  histologic  examination  of  the  fracture  tissues  of  individual  bones  at  14  days 
(Figure  7a,  b)  and  28  days  (Figure  7c,  d)  revealed  that  the  fracture  tissues  consisted  of  normally 
appearing  chondrocytes  and  osteoid  characteristic  of  fracture  repair.  The  tissue  content  of  the 
fracture  callus  was  normal,  although  this  augmented  tissue  was  ectopic  in  the  lateral  injections 
(Figure  7a,  c)  but  subperiosteal  and  normal  in  the  intramedullary  catheter  injections  (Figure  7b, 
d).  The  latter  method  of  therapy  delivery,  therefore,  appears  to  provide  symmetric  transgene 
expression  localized  to  the  fracture  and  represents  the  greatest  potential  for  measuring 
therapeutic  effects  of  gene  therapy.  We  will  confirm  BMP-4  gene  expression  in  these  tissues  by 
immunohistochemistry. 

Comparative  analysis  of  the  fracture  tissues  produced  by  exterior  and  intramedullary 
injections  by  peripheral  quantitative  computed  tomography  (pQCT)  was  not  possible  because  of 
the  inaccurate  exterior  injections  resulted  in  large  and  variable  amounts  of  ectopic  bone  spread 
throughout  the  muscle  (Figure  7).  However,  a  torsional  method  for  the  mechanical  testing  of 
bone  strength  in  response  to  our  gene  therapy  has  been  developed  (Figure  8).  Preliminary 
examinations  have  compared  a  fracture  injected  with  the  B-galactosidase  control  marker  gene  at 
32  days  healing  with  the  unfractured  contralateral  femur  from  the  same  animal  and  established 
the  conditions  for  torsional  testing  of  our  gene  therapy.  Our  therapy  will  attempt  to  accelerate  the 
return  of  the  fractured  bone  to  the  load  capacity  and  stiffness  of  an  unfractured  bone. 
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Figure  6.  X-Ray  Comparison  of  Mineralized  Tissue  During  Healing. 

Injection  was  performed  from  the  exterior  (left)  or  through  the  catheter  and 
monitored  at  7  days  (A,B),  14  days  (C,D),  21  days  (E,F)  and  28  days  (G,H)  healing. 
These  X-Rays  present  two  different  individuals  for  each  injection  technique. 
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Lateral  Injection  Catheter  Injection 


Figure  7.  X-Ray  and  histology  of  fracture  callus  following  lateral  injection  (left) 
or  catheter  injection  (right)  at  14  days  (A,  B)  and  28  days  (C,  D)  healing. 
Trichrome  stains  of  the  fracture  callus  revealed  ectopic  (EC)  bone  formation 
outside  the  periosteum  (P)  at  14  and  28  days  in  post-fracture  lateral  injections. 
Bone  formation  was  under  the  periosteum  (P),  at  14  and  28  days  in 
post-fracture  catheter  injections  and  did  not  involve  the  muscle  (M).  The  fracture 
tissues  appeared  normal  at  all  healing  times.  Cartilage  (C),  Osteoid  (O). 
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Figure  8.  Illustration  of  the  mechanical  testing  approach  for  measuring  for  bone  strength.  A 
sample  comparison  of  torsional  testing  conducted  on  a  rat  femur  fracture  injected  with  the  B- 
galactosidase  (nontherapeutic  marker)  gene  from  the  lateral  aspect  and  allowed  to  heal  for  32 
days  (top)  as  compared  with  the  unfractured  contralateral  femur  from  the  same  animal  (bottom). 
At  this  time,  which  is  approximately  one  week  prior  to  bony  bridging  of  the  fracture  gap,  the 
fracture  fails  at  a  slightly  larger  torsional  angle  (15  degrees  vs.  13  degrees)  and  approximately 
2/3  load  (in  Newton-meters)  of  the  unfractured  femur.  These  parameters  indicate  reduced  bone 
stiffness,  calculated  from  the  slope  of  the  load  vs.  angle,  and  strength,  determined  by  the  ultimate 
load  at  failure.  Such  an  application  of  torsional  mechanical  testing  will  establish  augmentation  in 
response  to  our  gene  therapy:  the  objective  is  the  accelerated  return  of  the  fracture  torsional 
strength  and  stiffness  characteristics  to  that  of  an  unfractured  bone. 
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4)  Conclusions 

Analysis  of  injections  from  the  exterior  lateral  aspect  of  the  fracture  demonstrated  that 
extra-periosteal  tissues  were  transduced  with  the  BMP-2/4  transgene,  and  produced  a  large  and 
asymmetric  mineralized  tissue  that  remained  largely  outside  the  periosteal  boundaries.  In  these 
locations  the  bony  tissues  produced  by  the  growth  factor  could  not  participate  in  bony  union  of 
the  fracture  gap,  severely  limiting  the  effectiveness  of  the  gene  therapy.  Intramedullary  injection 
of  the  MLV  vector  produced  symmetric  distribution  of  transgene  expression  confined  to  the 
periosteal  tissues  that  appeared  to  augment  bony  tissues  in  the  fracture  gap.  As  such,  this 
approach  maximizes  the  potential  of  any  therapeutic  gene.  These  results  are  very  conclusive,  and 
we  will  pursue  this  technique  of  vector  delivery  to  determine  the  efficacy  of  our  different 
therapeutic  genes  for  fracture  healing. 

c)  Specific  Objective  3:  To  Compare  the  Superiority  of  the  MLV-based  Versus  the 

Lentiviral-based  Vector  Systems  for  the  BMP-2/4  Transgene 

1)  Objective 

This  study  will  compare  the  efficacy  of  the  lentiviral  and  MLV-based  vectors  for  fracture 
healing.  Each  will  express  the  BMP-2/4  transgene  following  delivery  using  the  intramedullary 
catheter  injection.  The  vector  system  that  exhibits  the  greatest  therapeutic  benefits,  as  determined 
by  bone  formation  and  a  return  to  prefracture  mechanical  strength,  will  be  used  in  subsequent 
combination  therapy  with  multiple  transgenes.  This  study  will  begin  shortly,  as  the  surgical 
techniques  for  the  vector  delivery  have  just  been  developed. 

d)  Specific  Objective  4:  To  Compare  the  Efficacy  of  the  BMP-2/4  Transgene  in  the 

Optimized  Vector  System  with  that  of  the  Combination  of  BMP-2/4  Transgene  Plus  Another 

Growth  Factor  Candidate  Gene  Identified  by  Micro-array  (see  Technical  Objective  2) 

1)  Objective 

This  study  will  utilize  the  gene  expression  data  in  the  normally  healing  fracture.  In 
addition  to  the  microarray  analysis  of  gene  expression  at  3  days  healing  originally  proposed  in 
Technical  Objective  2,  Specific  Objective  2,  we  are  also  analyzing  gene  expression  at  11  days 
healing.  This  approach  will  provide  gene  candidates  for  both  early  fracture  repair  and  later 
fracture  repair.  Work  on  this  study  awaits  completion  of  the  comprehensive  analysis  of  the 
microarray  gene  expression  data  at  these  2  time  points.  As  pathways  of  gene  expression  are 
identified  in  fracture  repair,  one  or  more  candidate  genes  will  be  selected  for  combination 
therapy  with  the  BMP-2/4  transgene. 

2.  TECHNICAL  OBJECTIVE  2:  TO  APPLY  MICROARRAY  TO  STUDY  FRACTURE 
HEALING 

a)  Specific  Objective  1:  To  Extend  the  Number  of  Genes  in  Our  Current  In-house  Micro- 

array  Procedure 

1)  Objective 

This  study  will  identify  and  adapt  the  experimental  microarray  chip  and  analysis  system 
best  suited  for  the  analysis  of  rat  fracture  gene  expression. 

2)  Materials  and  Methods 
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We  have  adopted  the  Agilent  rat  oligomer  chip  to  analyze  our  fracture  RNA  in  our 
microarray  analysis.  This  chip  has  20,046  gene  targets  as  60-base  oligomers  and  as  such  provides 
a  more  extensive  number  of  rat  gene  targets  than  we  are  able  to  achieve  with  our  facilities. 
Several  major  families  of  growth  factors,  signaling  molecules  and  structural  genes  are 
represented,  providing  one  of  the  most  comprehensive  surveys  of  rat  gene  expression  currently 
available  commercially.  Most  importantly,  the  “low-input”  Agilent  dye  labeling  system  allows 
us  to  amplify  the  signal  during  fluorescent  labeling  of  the  cDNA.  This  approach  is  highly 
advantageous  for  reducing  the  RNA  input  into  the  system,  minimizing  the  numbers  of  animals 
used  yet  maximizing  the  sensitivity  of  the  microarray  analysis  for  samples  with  very  low 
amounts  of  tissues.  This  is  particularly  important  in  the  unfractured  but  pinned  control  samples 
of  the  femur  fracture  model,  which  have  very  little  tissue.  This  labeling  system  permits  us  to 
perform  the  analysis  on  these  extremely  limited  samples  without  pooling  the  RNA  from  multiple 
individuals.  We  are  therefore  able  to  analyze  the  biological  variation  between  subjects  not 
possible  in  pooled  samples,  a  problem  often  ignored  in  microarray  experiments.  The  Agilent 
“low  input”  dye  labeling  technique  was  compared  with  the  TSA  amplification  technique  that  we 
have  used  previously,  and  with  analysis  using  no  amplification.  Using  2  ug  of  RNA  for  Cy3  and 
Cy5  dye-labeling,  we  compared  the  images  following  hybridization  to  the  Agilent  rat  gene  chip 
(below). 

3)  Results 

Below  (Figure  9)  are  scatter  plots  of  the  universal  RNA  labeled  with  the  Agilent 
amplification  protocol  and  the  tyramide  signal  amplification  (TSA)  amplification  protocol.  The 
data  was  normalized  identically  between  the  arrays  as  follows,  since  a  Lowess  normalization 
cannot  be  performed  with  less  than  1000  spots.  The  plots  should  give  tight  clustering  around  a 
slope  of  one  since  the  same  universal  RNA  was  labeled  using  the  respective  protocols  and  Cy3 
and  Cy5  prior  to  hybridization.  For  the  Agilent  low  input  labeling  method,  the  linear  RNA 
amplification  does  not  introduce  artifacts.  The  only  data  points  lying  outside  the  2  fold  lines  are 
the  ratio  spike  in  controls  and  these  follow  the  expected  ratios  fairly  well  (top).  The  TSA  plot 
(bottom)  does  not  follow  the  expected  slope  of  one  well  and  the  spike  in  ratio  controls  are  not  as 
consistent  as  with  the  Agilent  labeling.  Each  gene's  measured  intensity  was  divided  by  its  control 
channel  value  in  each  sample;  if  the  control  channel  was  below  10  then  10  was  used  instead.  If 
the  control  channel  and  the  signal  channel  were  both  below  10  then  no  data  was  reported.  All  of 
the  genes  in  each  sample  were  divided  by  the  median  of  a  user-specified  list  of  positive  control 
genes.  The  median  of  the  positive  control  genes  was  calculated  using  only  raw  measurements 
above  10.  Of  the  genes  in  the  positive  control  list,  only  genes  marked  present  were  used.  Positive 
control  genes  for  normalization  included  the  housekeeping  genes  glyceraldehydes  phosphate 
dehydrogenase  and  beta-actin 
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Figure  9.  Scatter  plot  comparison  of  the  Agilent  “low  input”  (top)  and  TSA  (bottom)  dye 
labeling  hybridization  results  on  the  Agilent  rat  gene  chip. 

4)  Conclusions 

The  Agilent  “low  input”  labeling  system  provides  the  most  sensitive  and  accurate  cDNA 
labeling  system  available,  and  provided  superior  hybridization  images  for  reproducible  analysis 
of  gene  expression.  We  will  utilize  the  Agilent  rat  gene  chip  and  dye  labeling  system  for  our 
fracture  microarray  analysis. 

b)  Specific  Objective  2:  To  Apply  Our  Extended  In-house  Microarray  to  Study  Gene 

Expression  in  Fracture  Callus  at  3  Days  After  Fracture 

1)  Objective 

This  study  will  identify  therapeutic  gene  candidates  for  fracture  gene  therapy.  Tissues 
have  been  harvested  for  analysis  at  two  time  points  in  healing:  3  days  and  1 1  days.  The  early 
time  is  characteristic  of  the  transition  of  the  inflammatory  phase  to  intramembranous  bone 
formation  and  was  the  stated  goal  for  this  objective,  but  we  have  also  included  the  latter  time 
point,  which  is  characteristic  of  the  maturation  of  the  cartilage  intermediate  to  endochondral 
bone.  Each  represents  a  critical  time  when  fracture  repair  genes  should  be  expressed  and 
identified  in  our  microarray;  the  early  time  point  will  suggest  gene  candidates  for  early  clinical 
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intervention,  and  the  addition  of  the  1 1  -day  data  should  provide  a  more  comprehensive 
measurement  of  gene  expression  during  fracture  healing. 

2)  Materials  and  Methods 

Fracture  surgery  was  performed  as  described  above  in  Technical  Objective  1,  Specific 
Objective  2  (Materials  and  Methods,  Fracture  Surgery).  The  stabilizing  pin  was  inserted  and  the 
femur  fractured  by  three-point  bending.  No  catheter  was  inserted.  The  control  animal  femurs 
were  stabilized  with  an  intramedullary  pin  but  not  fractured.  Because  fracture  histology  in 
previous  studies  had  identified  bone  formation  around  the  stabilizing  Kirschner  wire,  this 
approach  controlled  for  the  effects  of  the  stabilization  on  the  healing  process. 

Femur  fracture  surgery  was  performed  and  RNA  isolated  from  4  individual  fractured 
femurs  at  3  days  and  4  individual  fractures  at  1 1  days  healing,  with  the  fractures  compared  to 
equal  numbers  of  individual  unfractured  (control)  femurs  at  each  time  point.  RNA  isolation  was 
performed  on  pulverized  fracture  tissues  by  guanidinium  isothiocyanate  and  phenol  extraction 
(Nemeth  et  al.,  1989).  The  Cy3  and  Cy5  labeling  was  performed  as  described  in  the  Agilent  “low 
input”  labeling  system,  and  the  hybridization  performed  using  equipment  and  procedures 
specified  in  the  Agilent  20,046  rat  gene  chip.  We  compared  each  group  of  fractured  RNA  and 
unfractured  (but  stabilized)  control  RNA  isolates  at  each  time  point,  3  days  or  1 1  days  post¬ 
fracture.  Because  the  Agilent  RNA  dye  labeling  system  allowed  us  to  analyze  fracture  and 
nonfracture  gene  expression  in  individual  animals,  pooling  of  individual  samples  was  avoided. 

Microarray  image  analysis  was  also  performed  in-house,  using  ScanArray  image  analysis  and 
Genespring  expression  analysis  software.  Lowess  normalization  was  performed  to  identify 
differences  in  the  Cy3  or  Cy5  dye  labeling  efficiencies.  One-way  analysis  of  variance  (ANOVA) 
established  significant  changes  in  expression  of  up-regulated  genes  and  down-regulated  genes 
for  each  group  of  fractured  (as  compared  to  unfractured  (control))  animals  at:  1)3  days  healing; 
2)  1 1  days  healing;  and  3)  additionally,  these  changes  were  used  to  identify  combined  significant 
changes  in  gene  expression  among  all  fractured  versus  nonfractured  individuals  at  3  days  versus 
1 1  days  healing. 

3)  Results 

All  animals  appeared  healthy  and  comfortable,  and  were  mobile  at  1  day  post-fracture. 
All  fractures  were  examined  at  surgery  and  were  midshaft  and  transverse.  All  fractures  were  also 
examined  at  sacrifice  for  evidence  of  fibrosis  due  to  irritation  or  migration  of  the  stabilizing  pin. 
None  was  observed  and  the  fracture  callus  appeared  normal  at  each  harvest  time. 

The  total  RNA  recovery  was  routinely  20  ug  to  30  ug  from  fracture  tissues  and  3  ug  to  10 
ug  from  unfractured  controls;  which  had  much  less  tissue  than  the  fractured  bone  and  therefore 
yielded  much  less  RNA.  The  bone  marrow,  another  source  of  nonfracture  gene  expression,  was 
partially  ablated  in  all  animals  by  removing  the  pin  upon  dissection.  Spectrophotometric  and 
agarose  gel  analysis  confirmed  that  the  RNA  had  excellent  purity  and  integrity,  respectively. 

Venn  diagrams  (Figures  10,  11  and  12)  provide  a  graphical  representation  of  the 
statistical  analysis  of  gene  expression  at  3  days,  1 1  days,  and  combined  3  and  1 1  days  healing. 
Tables  10,  1 1  and  12,  respectively,  list  the  genes  that  were  significantly  more  than  2-fold  up  or 
down-regulated  at  each  of  these  healing  times. 

1.  At  3  days  healing,  of  the  757  genes  with  expression  differences  determined  to  be 
significant  by  ANOVA,  754  genes  were  more  than  2-fold  up-regulated,  and  3  genes  were 
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Figure  10:  Venn  Diagram  Illustrating  Statistical  Analysis  of  Fracture  Gene  Expression  at  3  Days  Healing. 
Genes  with  significant  changes  in  expression  by  ANOVA  were  compared  with  genes  exhibiting  greater 
than  2-fold  changes  in  expression. 
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Figure  11:  Venn  Diagram  Illustrating  Statistical  Analysis  of  Fracture  Gene  Expression  at  11  Days  Healing. 
Genes  with  significant  changes  in  expression  by  ANOVA  were  compared  with  genes  exhibiting  greater 
than  2-fold  changes  in  expression. 
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Figure  12:  Venn  Diagram  Illustrating  Statistical  Analysis  of  Fracture  Gene  Expression  at  3  Days  and  11  Days 
Healing.  Genes  with  significant  changes  in  expression  by  ANOVA  were  compared  with  genes  exhibiting 
greater  than  2-fold  changes  in  expression. 
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more  than  2-fold  down-regulated.  This  data  is  illustrated  in  the  Venn  Diagram  (Figure  10) 
and  these  genes  are  listed  in  Table  1  (Appendix). 

2.  At  1 1  days  healing,  of  the  270  genes  with  expression  differences  determined  to  be 
significant  by  ANOVA,  233  genes  were  more  than  2-fold  up-regulated,  and  36  genes  were 
more  than  2-fold  down-regulated.  One  was  less  than  2-fold  up-  or  down-regulated.  This  data 
is  illustrated  in  the  Venn  Diagram  (Figure  1 1)  and  the  genes  are  listed  in  Table  2  (Appendix). 

3.  In  a  comparison  of  3  days  versus  11  days  healing,  of  the  203  genes  with 
expression  differences  determined  to  be  significant  by  ANOVA,  186  were  up-regulated  2- 
fold,  1  was  down-regulated  2-fold,  and  1  (defensin  NP-2,  probably  involved  in  inflammation) 
was  biphasic  (up-regulated  at  one  time  and  down-regulated  at  the  other).  Additionally,  15 
genes  were  less  than  2-fold  up-  or  down-regulated.  This  data  is  illustrated  in  the  Venn 
Diagram  (Figure  12)  and  the  genes  are  listed  in  Table  3  (Appendix) 

The  microarray  expression  data  is  now  being  confirmed  by  real-time  RT-PCR  using 
primer  pairs  selected  for  6  of  the  known  genes  and  4  of  the  Expressed  Sequence  Tags  (ESTs). 
Primers  have  been  ordered  and  the  fracture  RNAs  used  in  the  microarray  are  being  reverse 
transcribed  for  subsequent  PCR  confirmation. 

4)  Conclusions 

Microarray  analysis  of  fracture  healing  identified  several  genes  with  significant  up- 
regulation  or  down-regulation  in  expression  at  3  days  healing  and  1 1  days  healing.  These 
differences  in  gene  expression  will  provide  insights  into  the  gene  pathways  that  participate  in 
fracture  healing,  and  identify  therapeutic  gene  candidates. 

c)  Specific  Objective  3:  To  Evaluate  the  Reproducibility  and  To  Analyze  the  Data  from  the 

Extended  Micro-array 

1)  Objectives 

During  the  second  12  months  we  will  focus  on  reproducibility  of  the  results  and  data 
analyses. 

1.  Additional  animals  will  be  included  in  the  microarray  analysis  to  achieve  a 
sample  size  of  at  least  5  individuals  (fractured  and  controls)  at  3  days  and  1 1  days  healing. 
This  approach  will  extend  the  analysis  microarray  reproducibility  of  identify  individual 
variations  in  fracture  gene  expression. 

2.  We  will  confirm  the  gene  expression  data  in  the  samples  analyzed  to  date  by  real¬ 
time  PCR  for  genes  of  interest. 

3.  We  will  further  analyze  the  microarray  gene  expression  data  to  functionally 
classify  the  genes  with  changes  in  expression,  identify  gene  pathways  important  in  fracture 
healing  and  include  gene  candidate(s)  in  our  fracture  therapy. 

KEY  RESEARCH  ACCOMPLISHMENTS 

1.  We  have  developed  MLV-based  and  lentiviral-based  vector  systems  for  the  optimal  delivery 
and  expression  of  therapeutic  transgenes  to  the  bone  cells  of  healing  fracture  tissues. 

a)  The  MLV-based  vector  long-terminal  repeat  (LTR)  provides  robust  nonspecific 
constitutive  expression  of  the  transgene. 

b)  Two  promoters  have  been  identified  for  transgene  expression  from  the  lentiviral-based 
vector. 

i)  The  cytomegalovirus  (CMV)  promoter  provides  good  nonspecific  gene  expression. 
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ii)  Surprisingly,  the  elongation  factor- la  (EF-la)  provided  optimal  gene-specific 
expression,  superior  to  the  collagen  promoters  and  comparable  to  the  CMV  promoter. 

2.  We  have  optimized  surgical  procedures  to  inject  the  vectors  into  the  interior  of  the  fractured 
femur  through  an  intramedullary  catheter.  When  compared  to  simpler  injections  applied  from 
the  exterior  aspects  of  the  leg,  injection  of  the  BMP-2/4  transgene  provided  symmetric  bone 
formation  within  the  periosteal  layers  mediating  fracture  repair.  This  system  facilitates  gene 
therapy  studies  by  maximizing  the  effect  of  the  therapy. 

3.  We  have  performed  microarray  analysis  on  the  RNA  from  four  individual  fracture  subjects  at 
two  times  of  healing  to  examine  global  gene  expression.  Several  hundred  known  and 
unknown  genes  are  being  analyzed  to  identify  potential  candidate  genes  for  expression  from 
the  optimal  vector  following  application  to  the  fracture  by  the  improved  delivery  technique. 

REPORTABLE  OUTCOMES 

There  are  no  reported  outcomes  as  of  this  date. 

CONCLUSIONS 

The  development  of  highly  effective  gene  therapy  approaches  to  musculoskeletal  injuries 
requires  the  optimization  of  the  components  and  techniques  for  the  accurate  assessment  of 
therapeutic  benefits.  By  identifying  which  vector  and  regulatory  elements  provide  the  best 
transgene  expression  in  the  bone  cells  that  mediate  fracture  repair,  and  by  developing  vector 
delivery  techniques  for  optimal  therapeutic  transgene  expression,  we  have  optimized  conditions 
for  the  accurate  evaluation  of  therapeutic  transgene  candidates  identified  by  microarray  analysis 
of  global  gene  expression  in  the  normally  healing  fracture  callus.  Our  previous  experience  has 
taught  us  that  if  the  delivery  fails  to  target  expression  in  suitable  cells,  even  the  very  robust 
BMP-2/4  bone  forming  transgene  expressed  from  an  efficient  viral  vector  fails  to  enhance 
healing,  as  measured  by  bony  union  of  the  fracture  gap  and  accelerated  return  of  the  bone  to 
prefracture  mechanical  strength.  Other  potential  therapeutic  gene  candidates  would  be  expected 
to  fair  equally  poorly  in  healing  if  not  targeted  accurately.  Our  studies  therefore  provide  an  in 
vivo  system  for  measuring  the  therapeutic  benefits  of  a  particular  fracture  gene  therapy.  We  have 
performed  the  analysis  of  global  fracture  gene  expression  during  early  healing  (3  days)  and  later 
healing  (11  days).  These  data  reveal  several  hundred  genes  with  expression  increases  or 
decreases  of  more  than  2-fold  at  each  time  after  fracture.  Current  examination  of  these  candidate 
genes  from  our  microarray  will  provide  an  opportunity  to  utilize  these  genes  and  the  different 
aspects  of  our  vectors  (i.e.,  constitutive  or  gene-specific  regulation  of  expression)  for  therapies 
specifically  designed  for  maximum  therapeutic  benefits  in  bone  repair.  Combination  gene 
therapy  for  individual  patients  with  different  musculoskeletal  injuries  can  then  be  developed. 
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APPENDICES 

Table  1 :  Significant  2-Fold  Gene  Expression  Changes  at  3  Days  Fracture  Healing 

Table  2:  Significant  2-Fold  Gene  Expression  Changes  at  1 1  Days  Fracture  Healing 

Table  3:  Significant  2-Fold  Gene  Expression  Changes  Between  3  Days  and  at  1 1  Days  Fracture 
Healing 
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NM_012605  0.009255043  Rattus  norvegicus  Myosin,  light  polypeptide  2,  alkali;  ventricular,  skeletal,  slow  (Myl2),  mRNA. 

293672_Rn  0.009191981  Rat  clone  RP31-202M22  strain  Brown  Norway,  complete  sequence. 

AI233144  0.009179013  unknown  function 

412096_Rn  0.009168671  Rattus  norvegicus  thymosin  beta-4  (Tmsb4x),  mRNA.  GCGEST:BG664919 

BF558629  0.009139426  unknown  function 
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Table  1:  Significant  2-Fold  Gene  Expression  Changes  at  3  Days  Fracture  Healing 
Greater  than  2-Fold  UP-regulated 
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Table  2:  Significant  2-Fold  Gene  Expression  Changes  at  11  Days  Fracture  Healing 
Greater  than  2-Fold  UP-regulated 
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Table  2:  Significant  2-Fold  Gene  Expression  Changes  at  11  Days  Fracture  Healing 
Greater  than  2-Fold  UP-regulated 
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Table  3:  Significant  2-Fold  Gene  Expression  Changes  Between  3  Days  and  11  Days  Fracture  Healing 
Greater  than  2-Fold  UP-regulated 


